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SODD'S FIRST LAW:

When a person attempts a task, he or sghe
will be thwarted in that task by the
unconsetous intervention of some other
presence (animate or inanimate). Never-
theless, some tasks are completed, since
the intervening presence is itself attempt-
ing a task and is, of course, subject to

inter ference.

~ VICTORIA UN VERCITY OF WELLINGTON
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ABSTRACT

This study was initiated to examine geological aspects of Wellington grey-
wacke-suite rocks in relation to their end use as an engineering material -

aggregate, particularly for concrete.

An attempt has been made to map (at least in part), identify and categorise
rocks for quarrying in the Wellington region, to evaluate and quantify their
properties as aggregates and to appraise their qualities in concrete - in

short to equate rock geology to aggregate and concrete performance as a tool

for resource management.

Study of bedding led to a classification into three lithofacies and some 70
representative samples were examined petrographically. For engineering
purposes, Wellington rocks may be divided into two categories, greywacke and
argillite, each having separate and distinct mineralogies and chemistries
which do not alter significantly between lithofacies. Greywacke is coarser
and may be distinguished from argillite texturally at a mean grain size of

5 phi (0.031 mm).

Rock properties, in particular strength, modulus, density, hardness and
degradation tendencies, are linked directly or indirectly with mean grain size.
Argillites, though more dense, are generally weaker, softer, less elastic and
degrade more readily than greywackes, the latter property being readily
assessed from a newly devised test based on the destruction of chlorite by

hydrochloric acid.

As aggregates, greywackes produce similar particle shapes irrespective of grad-
ing. Argillites, which are generally more angular, produce concretes which
are more difficult to work. Physical properties of aggregate, inherently
those of its parent rock, are reflected in concrete made from it . The possi-
blllty of laumontlte promotlng cement alka11-5111cate reaction is obviated by

'*&ke de m,;zala within the rock.

o

_-a_"'

Although argillite aggregates are unsuitable in certain environments and
return lower strength in concrete than do greywacke aggregates, they still have

a place in low strength concrete applications.
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FOREWCRD

For too long a lack of detailed knowledge of the properties of rocks for
concrete aggregates has precluded the use of anything but the 'best'.

Recent consciousness of the need to conserve all natural resources has
encouraged a re-think of past attitudes toward what is acceptable. Such
re-appraisals are not wholly useful without the sort of information contained

in this thesis.

Mr Rowe's long association with the concrete industry and his proposed topic
made him the ideal first rec!pient of the New Zealand Concrete Research
Association's Research Fellowship. The industry has followed Mr Rowe's
progress with interest and have been kept fully informed of his progress by

reqgular reports, some of his findings are already in use.

Now that the thesis is completed it is to be hoped that it will encourage

similar studies elsewhere.

o
P
/

J.E.F. Field,
Director,

New Zealand Concrete Research Assn,

October, 1980.
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CHAPTER ONE
INTRODUCTION

For some 25 years, the aggregate industry of New Zealand has been aware of many
problems associated with rock products derived from Lower Mesozoic rocks, which
form the country's main mountain ranges. With increasing use of quarried
rock and as alluvial deposits are depleted or become less accessible, the

problems assume greater significance.

Greater Wellington is increasingly dependent on quarried Lower Mesozoic rocks

for use as aggregates of all types. The amount of material quarried for use

as concrete aggregate is substantial (280,000 tonnes annually on average) even
when compared with national production (Figure 1.1). Increase in population

has been paralleled by increase in aggregate consumption and althcugh low

(4.5 tonnes/person a year) by national standards (6.3 tonnes/person in 1976)

growth is expected to continue (Ward and Grant, 1978).

It seemed appropriate therefore, that an applied geolcgical study be undertaken
to provide fundamental data for some of the physico-mechanical properties of
Lower Mesozoic rocks in the Wellington area, particularly as engineering
difficulties associated with them are rarely found outside New Zealand.

Impetus is added from a growing awareness world-wide that all natural resourses

are finite to be husbanded if only, initially, for economic reasons.
10 The meaning of "greywacke"

The Lower Mesozoic rocks forming the axial ranges of New Zealand are often
loosely described as "greywacke". The nomenclature and classification of
greywacke~-type rocks has been extensively discussed but no satisfactory agree-

ment on a precise definition has been reached.

The term "greywacke" was first proposed by Lasius (1789), but by 1854 the term
had fallen into disrepute and its abandonment was recommended. In New Zealand
the term is in common usage but with indefinite meaning, such that it is likely
to be applied to any hard, dark grey, metasedimentary rock. Indeed in the
Wellington region all rocks of this type are often grouped together and
referred to as "Wellington greywacke" - the term including the sandstones

mostly referred to as "greywacke" and the mudstones referred to as "argillite",
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Figure 1.1 : Statistics of building aggregate quarried in the

Wellington region 1968-1978.
Quantity and value of quarried rock for building (concrete) aggre-
gate produced in Wellington by the following quarries: River
Shingle and Sand (1935) Ltd., Wellington City Council (Kiwi Point),
Carsons Quarry - formerly K.T. Wilkinson Ltd., (only since 1969),
Horokiwi Quarry Ltd., (only since 1971), and Owhiro Bay quarries.
Figures within histogram columns represent Wellington production
(percent) in terms of national production of building aggregates,
the average for the period being 5.07 percent.
Source: Annual returns of production from quarries and mineral
production statistics, Mines Division, Ministry of Energy 1968-

1978.



as defined by Flawn (1953) and Gamble (1971). To avoid the confusion associa-
ted with the grouping connotation implied by the term "greywackes", the rocks
of the Wellington region could more appropriately be referred to as Wellington

"greywacke-suite" rocks.

The basis of subdivision of Wellington greywacke-suite rocks into greywacke
and argillite components will be discussed later but the terms are retained
even though, in the case of greywackes, subtly different rock types may be
identified within the limits of its definition. Such differences are even
more subtle in the argillites, where there is not as broad a range in rock

type.

Retention of the terms "greywacke" and "argillite" is felt justified because
no one geological term has superseded greywacke as a term that has found

acceptance to engineers, quarrymen,etc., in addition to geologists. If more
precise classification or description is needed, then Folk et al. (1970) have
provided a basis of classification which allows some resolution, of a geolo-

gical nature, to be made within the greywackes.

For this study it is proposed that rocks of the greywacke-suite include grey-

wacke and argillite.
1.2 Known industry-related problems

Greywacke-suite rocks provide many problems for the concrete and aggregate
industries. Those discussed at the 1969 New Zealand Conference on Concrete
Aggregates and the 1970 and 1979 New Zealand Roading Symposiums are detailed

below.
1:2,1 The greywacke-argillite problem

Although greywacke and argillite occur together in Wellington and elsewhere
(Reed, 1957, 1967) differentiating between them in the field and in the
laboratory is not always easy. The recognition of these two rock types under
varied conditions of weathering and/or tectonic shattering is important to the
engineer. For this reason clear definitions and simply applied identifying

test procedures need to be developed.




The common consumer misconception (and in some cases an academic preconception)
that "argillite is bad, greywacke is good" for engineering purposes,stems

from practical experience and the literature on soft rocks. Arbitrary limits
have been imposed by some authors on maximum argillite percentage allowed in
concrete aggregates (e.g. Grant-Taylor, 1976). No research seems to have

been undertaken to justify these limits, however.
Lo2.2 The zeolite problem

Investigation of zeolite bearing rocks overseas has led to claims that local
aggregates made from zeolite bearing greywacke, could be reséonsible for
. destructive: alkali-remotion 1f Usad with Bigh airali ‘cemeRt, ‘ana.caube Sicessive
Ws&?é@k@geﬂ@$§?pﬁgﬁiﬁg"f Alsohthey Obuhd‘iaﬁseougaéyg'};'ﬁ; TT t V.. Y e

“'zeduction of igradedda fﬂgai%mﬁ: Storedin’stockpiles” mcqéxwwss}x

This is related to the greywacke-argillite problem (section 1.2.1), confusion

as well as from the recognition of the two rock types. Degradation may have
different meanings to the quarryman, roading engineer, concrete technologist

and geologist.

|
|
arising from apparent differences in the interpretation of the word degradation
Degradation is a term used for different processes, not all being deleterious.
Usually the roading engineer uses the term as Minor (1959) describes,and

Buckland (1967) has clarified the term as used by New Zealand roading engin-
eers. To the concrete industry,aggregate degradation is the non-mechanically
induced breakdown of aggregate particles into smaller pieces by natural
chemical and physical processes. Such a process is regarded as deleterious,
with significant alteration imparted to grading. The release of deleterious
minerals from vesicles, veins and/or joints is not regarded as degradation in
itself although the presence of these features may contribute to degradation.
The process seems to be a physical alteration of the aggregate and is a fore-
runner to more advanced states of degradation (weathering) but these are not
found in concrete aggregate conforming to existing New Zealand Standards.

Degradation by attrition produces fine mineral dusts, generally of more

concern in roading than in concrete.




Two additional problems (Craven, pers. comm.; Ward and Grant, 1978) now

confront the aggregate industry:

(i) The production of ultra-fine materials in quarry washing operations -

quarry sludges and their disposal.

(ii) The depletion of good quality and easily won aggregates in areas of

high demand.



CHAPTER TWO

FOURTH LAW OF REVISION

After painstaking and careful analysis
of a sample, you are always told that

it is the wrong sample and doesn't apply
to the problem.

Geological properﬁies of Wellington greywacke-suite rocks
A quarryman needs two pieces of information from a geological investigation:

(i) Whether the rock investigated meets the specifications for the job.

(ii) Where it is located and how much is available.

Obviously the Wellington greywacke-suite rocks are useful; Mines Department
returns (Figure 1.1) and discussions by other authors (Reed and Grant-Taylor,
1966; Grant-Taylor, 1976; Ward and Grant, 1978) indicate that they are
extremely important. Quantitative data on resources have been provided by
Ward and Grant (1978) but a compilation of localities for what may be deemed

the "most useful" greywacke-suite materials for Wellington is lacking.

The geology of the region has been presented by Stevens (1974) in an excellent
book and specific aspects by Grant-Taylor (1976) and Ward and Grant (1978).
Geological dating has been undertaken by Park (1975), McKean (1976) and Bird
(in prep.). Smaller studies of relevance include those by Barnes (1979) and
Cranney (1979). For a bibliography of Wellington geology, Williams (1975)

should be consulted.
. The in situ nature of Wellington greywacke-suite rock

Rock masses are never homogenous, isotropic bodies. Their physico-mechanical
properties alter according to interactions of mineral composition and fabric
(including texture) and physical/chemical conditions throughout their geologic
history, manifest on all scales from the individual grains, though the rock
sample, to the rock mass or even the geologic region. In this section the

properties of outcrops are considered.




The greywacke-suite rocks are steeply dipping (generally more than 600) and
isoclinally folded about north-south trending axes (map in flap pocket). The
sequence is dominated by alternations of "couplets" of sandstone (greywacke)
and mudstone (argillite) that are evident even in the more metamorphosed areas.
The alternations are, in some places, the result of deposition from a turbidity
current and the essential features of the sequence of Bouma (1962) can be seen
in many beds (Figure 2.1). However, some sand beds have different features
(Table 2.1) and may have resulted from deposition by traction or contour

currents.

The greywacke and corresponding argillite is referred to as a couplet as gener-
ally, despite diagenesis and metamorphism, a clear distinction can be made
between the sandy lower portion (greywacke) and the upper portion (argillite)

of each couplet regardless of the completeness of the Bouma sequence.

Conglomeritic deposits (Grant-Taylor, 1976) and volcanic rocks (Stevens, 1974)
are small in volume, widely separated and not of importance to the aggregate

industry and are therefore not part of this study.

The rocks of the region can be divided into three mappable lithofacies, sand-
stone, thick-bedded and thin-bedded, using as parameters average couplet
thickness, average greywacke thickness, average argillite thickness and range

of couplet thickness (Table 2.2).

Consistent with the nature of turbidite beds, the greywackes exhibit graded
bedding, sometimes more than one sequence within a single greywacke bed. The
grain orientation within greywacke and argillite is parallel to bedding
(Onions and Middleton, 1968), and has been enhanced by metamorphism hence the
rocks are anisotropic. Because of size grading, anomolies may arise from
taking random samples from turbidite beds therefore a representative sample

was taken from the mid-point of each bed to make petrographic comparisons.

As will be discussed, the many discontinuities within greywackes and argil-
lites frustrate efforts to break handspecimens along planes which have not
already experienced fracturing or veining. To examine sedimentary structures,
fabrics and grain size, all rocks not sampled from stream beds or the coast

require cutting in the laboratory.




Figure 2.1
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Table 2.1 :

contourites (from Stow and Lovell,

1979

The Heezen-Hollister-Bouma criteria for the recognition of turbidites and

Turbidite

Contourite

Conclusions

Size sorting

Bed thickness

and fregquency

moderate to poorly

sorted >1.50 (Folk)

usually 10 - 100 cm
infrequent

Primary sedimentary structure

grading and
be ddinc con-
tacts

cross lamina-
tions

horizontal
laminations

massive
bedding

grain fabric

normal grading
ubiguitous, bottom
contacts sharp, upper
contacts poorly
defined
common, accentuated
by concentrations
of lutite

common in upper por-
tion only, accentuated
by concentration of
lutite

common, particularly
in lower portion

little or no preferred
grain orientation in
massive graded por-
tions

well to very well
sorted <0.75 (Folk)

usually <5 cm
abundant

normal and reverse
grading, bottom and
top contacts sharp

common, accentuated
by concentration of

heavy minerals

common throughout,
accentuated by con-
centrations of
heavy minerals or
foraminifera shells

absent

preferred grainorien
tation paralell to the
bedding plane is ubi-
quitous throughout
bed

Principal constituents of sand and silt beds

matrix
(<2 pm)

microfossils

plant and
skeletal
remains

Classification
(Pettijohn)

10 - 20 percent

common and well pre-
served,
size throughout bed

sorted by

common and well pre-
served, sorted by size
throughout bed

greywacke and sub-
greywacke

0 - 5 percent

rare and usually
worn or broken,
often size sorted
in placers

rare and usually
worn or broken

sub-greywacke,
arkose and ortho-
quartz

contourite is better
sorted

contourite has thinner
bedding, and many more
beds per core length

contourite tends to be
less regularly graded
and has sharp upper
contacts

contourite contrasts
sharply with turbidite
in that heavy mineral
placers are in the form
of small-scale strati-
fiction

contourite is ubiqui-
tously laminated

contourite has better
grain orientation

contourite has less

contourite shows more
evidence of reworking

contourite shows more
evidence of reworking

contourite is more

"mature”
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2rarland, The sandstone lithofacies

This is composed of couplets having excess thickness of greywacke with respect
to argillite thickness (Table 2.2). They are often poorly graded or
ungraded, with no clear grain orientation. The beds have distinctly regular
joint sets which are oriented obliquely to bedding. The lithofacies may be
made up of successive greywacke beds about 2 m thick, separated by thin layers
of highly comminuted and polished slabby argillaceous material which has
accommodated relatively large amounts of slip. This may be the result of
bedding plane slippage rather than argillite sedimentation. Many greywacke
beds may accumulate (Walker, 1967) up to 30 m thick (Plate 2.1).

Possibly the most frequent assemblages of Bouma divisions are AE or AC (Figure
2.1), but in quarry outcrops the detection of Bouma divisions is difficult.
Veining is common, both as linear infillings to tens of millimetres width

vugs forming in larger examples or as infilled tension gashes. Principal

vein minerals are prehnite, quartz and calcite.

2.1.2 The thick-bedded lithofacies

In the thick-bedded lithofacies, couplet thickness is generally about the same
as in the sandstone lithofacies but the couplets contain a higher proportion

of argillite.

Thicker greywackes are not as well graded as thinner greywackes. Bouma

divisions include ABCE, AE, ACE.

The mean grain size variation is greatest in greywacke beds within the thick-
bedded lithofacies. Clasts from argillaceous beds which have been ripped up
by a turbidity current may have become included, to appear in flaky or slab-
like form (colloquially known as "chipwackes"). Individual clasts may mea-
sure 0.4 m (Plate 2.2). Little if any grain orientation was noted in grey-
wacke beds although in the coarser beds larger grains and argillite clasts

did show some orientation.

Jointing is commonly at right angles to bedding in well developed sets in the

greywackes and in thicker argillites.
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Table 2.2 :

Wellington greywacke-suite rocks.

Parameters used to differentiate lithofacies within the

Parameter Thin-bedded Thick- Sandstone
bedded

RSS BQ DC HQ KTW
Avge. argillite bed
thickness 5 cm 12.5 cm 8.9 cm 68 cm 16 cm
Avge. greywacke bed
thickness 13.9 cm 14.4 cm 18.8 cm 164 cm 100 cm
Avge. argillite:greywacke
ratio 1:2.8 1z2.1 1:2.1 1:2.4 1:6.3
Thickest couplet 30 cm 46 cm 107 cm 2.5 m 4.6 m
Thinnest couplet 8 cm 9 cm 45 cm 2.2 m 0.15m
Avge. thickness of
couplets 19 cm 36 cm 28 cm 2.35m 1.16 m
Length of section 2.48 m 3.63 m 5.26m 11.6 m 30 m
Normal range of couplet
thickness 10 to 30 cm 50 to 300 cm
Percentage of argillite 25 to 40 <20




1.2

Plate 2.1 : Two views of the sandstone lithofacies at Owhiro Bay

quarry; (A) shows a more extensively shattered out-

crop than (B), which shows some obvious argillite bedding.



Plate 2.2 : Sedimentary rock fragment clasts (argillite) in

"chipwacke" from Eve Bay (NZMS 1, N164/384163).
At this locality clasts may reach 0.4 m in length displaying
their original sedimentary structures. They were incorporated
as turbidity currents dislodged large flakes and slabs of pre-
sedimented argillaceous material which achieved an initial

coherence as a soft plastic sediment.
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Veining is frequent in the greywackes but rather less so in the argillites.

Principal vein minerals include prehnite, cuartz, calcite and laumontite.

The thick-bedded lithofacies (Plate 2.3A) are commonly transitional between
the sandstone and the thin-bedded lithofacies.

2.1.3 The thin-bedded 1lithofagies

These include turbidities, contourites and inter-turbidite materials. Inter-
turbidite materials include the D and E divisions of Bouma sequence; turbi-
dites are represented by ABCE, ACDE, ACE and AC divisions. Evidence of con-
tourites comes from large sequences of unknown total thickness, some with at
least 10 m of thin, regular couplets, apparently devoid of an A division.
Greywacke beds are more even grained than those of the other lithofacies,
while laminations and rarer cross laminations are made more obvious by heavy
mineral concentrations. Contacts between beds are sharp and grain orienta-

tion in the greywacke is well developed.

The lithofacies include contorted strata due to slumping (Plate 2.3B).
Occasionally the lithofacies pinch out laterally to become massive argillite

of reduced thickness.

Jointing is generally intense,with greywacke beds broken by large numbers of
sets perpendicular to bedding. Argillites are often intensely shattered.

Veining is again better developed in the greywacke beds though it does occur,
often in ptygmatic style, in the argillites. Vein minerals are mainly pre-

hnite, quartz, calcite or laumontite.

2.2 Mapping of lithofacies

Difficulty in mapping the region stems from a lack of outcrops suited to
establishing lithofacies and structural relationships,in areas away from the
coastline, new road cuts, quarries and the like. Even stream beds proved

disappointing.

A map compiled from lithofacies is presented for part of the Wellington region

east of Wellington Fault (map in flap pocket) and shows regional trends.

Strike of beds trends north-south; they are steeply dipping and young west.
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| Plate 2.3 :

(A) The thick-bedded
lithofacies and

(B) the thin-bedded
lithofacies at Owhiro
Bay quarry. Note the
extensive distortion
and disruption of the

thin-bedded material.
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The magnitude of folding is difficult to establish accurately but appears to
fall into two ranges - less than 5 m and in excess of 60 m - see also mapping

by Brodie (1953) and Grant-Taylor et al. (1974).

2.3 Causal geology

Lithofacies control much of the topography and structural trends.

Examination of field relationships and structure revealed several interesting

observations (map in flap pocket):

(i) Bays or inlets are associated with the thin-bedded lithofacies.

(ii) Major and minor headlands are coincident with the sandstone and thick-

bedded lithofacies respectively.

(iii) Most fault movement seems to have been accommodated in the thin-bedded

lithofacies.

(iv) Slumping and contorted bedding (usually on a scale of 1 m to 30 m)

was observed only in the thin-bedded lithofacies.

More obscure information comes from observations by Stevens (1976), who plot-
ted greywacke to argillite ratios enabling him to isolate what he termed the
Waitangirua sandstone, which contains little argillite and corresponds well

with the most resistant topographical features of the area.

Slumping, ptygmatic veining, drag folding, discontinuity spacing and boudinage
structures all indicate that the thin-bedded lithofacies is incompetent just

as argillite between greywacke beds is incompetent.

For engineering work these observations are significant. Slippage of fresh
rock tunnel portals at Karori and at Northland (N2ZMS 1 grid refs. N164/317217
and N164/317220 respectively, both situated in crush zones of the Wellington

fault), is aggravated by their situation in thin-bedded lithofacies material.

Continuing road pavement damage in Lennel Road and Chaytor Street (N164/338247
and N164/317217 respectively) are pertinent examples of problems which can

arise from subterranean drainage associated with the thin-bedded lithofacies.
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2.4 Paleontology

Webby (1967) provided an historical summary of paleontology from the Wellington
region and recently Speden (1976) published fossil localities of Lower Mesozoic
rocks of the North Island.

During this study two new fauna (Rowe, in prep.) and numerous unidentifiable
floral debris were found (Plates 2.4, 2.5) in greywacke (KS-2) and argillites
(IB-13A)

2.5 Petrographic methods

Samples of both greywacke and argillite beds were obtained from quarries and
outcrops for microscopvic study to see how features seen in this
section might relate to the physical properties of the rocks. Fieldwork was
concentrated on existing main quarries (Figure 2.2) and about the southern

coast of Wellington.

Appendix 1 lists the sample numbers for each sample location site and Appendix
33 correlates sample numbers with the Petrology collection, Geology Department,

Victoria University of Wellington.

For the reasons outlined in section 2.1 samples were taken from the mid-point

of each bed.

Thin sections were cut, usually perpendicular to bedding,to avoid biasing text-
ural, modal and fabric determinations due to microlaminations and the natural
sorting and anisotropic characteristics of preferred grain orientation.
Portions of some greywacke thin sections were stained for K-feldspar or plagio-
clase feldspar, or both, using modified techniques (Appendix 2). It was
found necessary to expose the thin sections to hydrofluoric acid fumes for
relatively long periods to adequately etch the felsic grains but this destroyed
other important minerals, notably zeolite and calcite, therefore only about 10

percent of any thin section area was stained (Appendix 2).

The preparation of thin sections for detailed petrographic work was of parti-
cular importance. For some samples, sections slightly thicker than the usual

0.03 mm were cut, especially in strongly oriented or coarser grained rocks to
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Plate 2.5 : Floral debris in argillites (sample 1B-13A)
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location map
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Figure 2.2 : Quarry sites sampled for this study. Quarries from
which samples were taken but which are no longer

operating are indicateé by arrows. Shown by larger symbols are

those quarries which will be most important in satisfying Wellington's

future demands for aggregate (Ward and Grant, 1978).
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enable the habit of larger phyllosilicates to be better determined. Being cut
perpendicular to bedding, thin sections adequately displayed preferred orienta-
tions of minerals,but true lengths of some mineral grains were indeterminate
due to deviations of the mineral in and out of the plane of the thin section.
Thicker sections were useful also in differentiating acid from basic volcanic

rock fragments.

Ultra-thin rock sections were preferred in studying finer and more opaque
rocks. Some were carefully polished to zero thickness at an edge to enable
reliable grain size measurements in rocks with mean sizes finer than 5 phi

(0.03 mm).

In argillite thin sections, overlapping grains were common so for optic modal
analysis and size analysis, the thicker (= deeper) grain under the cross-hairs

took precedence."

Modal and size analyses of rocks were made from thin sections by following
the recommendations of Chayes (1956). As noted previously, thin sections
were cut perpendicular to preferred orientation (= bedding) and thin sections
having strong preferred orientations or laminations were positioned, where
practicable, so that preferred orientation was at an angle to the long axis

of the glass slide.

For point counting, the vertical interval between counted rows was chosen so
that all the slide was covered in the examination. Horizontal intervals were
ideally suited to most greywackes, being approximately the same as the mean
maximum grain size, i.e. approximately 0.4 mm. For finer rocks it was not
practicable to change the gearing of the click stage and trials were carried
out to determine whether more points should be counted by increasing the
number of horizontal traverses or whether the slide should be reversed in its
holder and re-examined in the usual way. It was found that both these alter-
natives were effective in duplicating analyses but results varied little from

a single analysis. Reasons for this are:

(1) The fine grained rocks are relatively homogenous so that examination
of a proportionally smaller area gives acceptable results, particularly for

modes.
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(ii) Size analysis histograms of fine rocks showing the effects of
mineral recrystallisation are leptokuritic. Therefore variations due to

horizontal click interval are within an acceptable maximum.

Welsh (1967) has shown that acceptable reliability may be achieved between
different operators examining optical mineral modes of greywackes even though
the major source of error is operator error. There is a need for strict con-
sistency. For this study much time and trouble was taken to become familiar
with thin sections before modal or size analyses were attempted. Mineral
staining helped in this regard and several modal analyses were duplicated
months apart to maintain a record of consistency. Similar tests were done
for grain size analysis (Appendix 5). With practice a very close approxima-
tion of mean grain size was achieved by observation alone (within 0.03 phi for

rocks with a mean grain size between 5 and 6 phi, 0.031 and 0.0156 mm). Point
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An attempt was made to use rock slabs to determine mean grain size as des-
cribed by Marshall (1974) but, compared with thin section analysis, mean grain
size was over estimated due to the "blanketing" effect of matrix and smaller
mineral grains. Induced shattering of grains by cutting and grinding pre-
paration is never eliminated and confusion arises even after coating the
surface with a clear lacquer or varnish. For rocks with mean grain sizes
finer than about 3 to 3.5 phi (0.125 to 0.088 mm) the technique is of no prac-

tical use.

2.6 Petrography

The purpose of this section is to outline the features and distribution of
common minerals in Wellington greywacke-suite rocks, because mineral composi-
tion is likely to be an important factor in determining engineering properties

of aggregare. Detailed petrographic descriptions are given in Appendix 3.
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The composition of sand sized material was determined as if there had been

no alteration after deposition. For example grains of volcanic rocks now
containing much chlorite were counted as rock fragments and feldspar grains
altered to white mica were counted as feldspar. Vein minerals were not inclu-
ded in the modal analysis but cements and authigenic minerals were. The grey-

wackes were examined in terms of the following modal classes:

quartz biotite
feldspar chlorite
rock fragments metamorphic accessories and cements
muscovite detrital accessories
matrix

\ Argillite mineral components were classified twice:

(i) Using the following modal classes
quartz chlorite
feldspar (all varieties) non-opaque detrital heavy minerals
rock fragments (all varieties) opague minerals
white mica metamorphic accessories and cements
matrix
(31} Without a matrix class so that every grain was counted in a mineral

mode. Grains which were so fine as to be unidentifiable were placed in a

class replacing matrix, called "unidentifiably fine material".

In this way operator consistency was checked and an estimate made on mineral
composition of the matrix; such an estimate, taken for 10 argillites, may be

considered similar to the matrix composition of the greywackes.

Mcdal analyses of greywackes were based on at least 500 counts and argillites
on at least 300 counts. Although many modal analyses were undertaken, only
42 greywacke slides were examined in great detail; 20, 10 and 12 from the

sandstone, thick-bedded and thin-bedded lithofacies respectively.
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2.6.1. Quartz

Varieties of quartz include monocrystalline, polycrystalline (excluding chert),

wavy (quartz with undulose extinction) and non-wavy quartz (Figure 2.3).

Quartz plotted according to the method of Basu et al. (1975) gave inconclu-
sive provenance although the scatter so determined indicated a low or middle

rank metamorphic terrain for quartz origin (see section 2,10) .

Significant differences between greywackes of different lithofacies were not

detected by statistical analysis of quartz modes (P is greater than 0.1).

Recrystallised quartz associated with veining and shearing was not included

in modal analyses.
24052 Feldspar

Two classes of feldspar were recognised (Figure 2.4), though in the finer
grained rocks they were difficult to differentiate. The first, K-feldspar
(potassium feldspar) occurs as monocrystalline grains of orthoclase, micro-
cline, perthitic or granophyric grains. In the case of orthoclase and micro-
cline the grains have been altered mainly to white micas (sericitised). This
class was included in a general feldspar mode for greywackes of the thin-
bedded lithofacies because of their relative paucity and finer grain size

in those rocks.

The second class, plagioclase, occurs as monocrystalline grains both fresh
and altered. Grains of authigenic albite and albitised plagioclase were
included where they were distinct grains - authigenic albite was often very
difficult to differentiate from detrital plagioclase. Authigenic plagio-
clase cements are rare and were included in the cement rather than the

feldspar class.

The ratio of plagioclase to K-feldspar (Figure 2.4C) ranged from 3:1 to 23:1
for the sandstone lithofacies. The mean for the sandstone lithofacies and
thick-bedded lithofacies was similar, i.e. 8:1. The ratio for the thin-
bedded lithofacies averaged 10.5:1 and showed K-feldspar to be relatively

scarce.
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Figure 2.3 : Average and range in percentage of quartz estimated
from thin sections (500 counts) for each litho-

facies in the Wellington region.
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Figure 2.4 : Average and range in percentage of (A) plagioclase

(B) potassium feldspar and (C) the ratio of plagio-
clase to potassium feldspar estimated from thin sections (500

counts) for each lithofacies in the Wellington region.
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The mean ratio from all lithofacies was similar to that established by Reed

(1957), 10:1.

2.6.3 Rock fragments

Rock fragments (Figure 2.5) were divided into four classes:

(i) Sedimentary rock fragments include both intrabasinal and extrabasinal
grains. Most are intrabasinal (derived from within the basin of sediment
deposition), detrital chert being the only obvious extrabasinal sedimentary
rock. They are mainly siltstones or mudstones but some have grain sizes of
the same magnitude as the host rock and these were recognised from subtle
differences in grain orientation, packing, roudness, sphericity, matrix con-
tent and contrast, sorting, boundary continuity, opacity and constituent
mineralogy. Fine grained sedimentary rock fragments, in places, form "pseudo-
matrix" (Dickinson, 1970), where they have deformed around adjacent rigid
grains. Such material was classified as a sedimentary rock fragment as it

was obviously deposited as a rock fragment.

(id) Metamorphic and plutonic rock fragments are mainly irregqularly shaped
aggregates of quartz, albite, perthite, orthoclase, microcline,

muscovite, biotite, chlorite or epidote. The metamorphic fragments are
schistose and the plutonic fragments, medium to coarse grained and holo-
crystalline. Both types lack ground mass. Metamorphic fragments are
rounded and elongate or flaky in contrast to plutonic fragments which are
generally larger in size. A few large euhedral feldspar grains had small
pieces of quartz or other feldspar adhering to ends or edges of the grain

(DC = 1); these were included in this class.

(iii) Acid volcanic rock fragments include glassy materials with or without
aggregated sodic feldspar laths (where recognisable) whether altered or not.
They are best identified under plane light with the substage diaphram stopped
down to impart refractive index contrast between component minerals. Altered
grains are often very difficult to differentiate from basic volcanic rock

fragments, however the former tend to be more distorted.

(iv) Basic volcanic rock fragments are mainly identified by the presence

of amphibole and pyroxene grains, plagioclase composition and micro-porphyritic
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Average and range in percentage of (A) sedimentary

(B) metamorphic and plutonic (C) acid volcanic and

(D) basic volcanic rock fragments estimated from thin sections

(500 counts) for each lithofacies in the Wellington region.
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textures ranging from trachytic to pilotaxitic and hyalopilitic with increas-
ing randomness of microlite orientation. Zeolitised,chloritised and basic
volcanic rock fragment grains being replaced by iron oxides etc. were counted
in this category. Fragments in greywackes of the thin-bedded lithofacies
are so altered that grain size measurement is impossible, in which case the
size of the largest included constituent grains were averaged to represent

the size of the fragment.

2.6.4 Muscovite

This is not prolific in any but the coarsest greywackes (Figure 2.6). It is
relatively easy to identify and, combined with other phyllosilicates, indicates
preferred orientation and compaction. Fine grained material, less than

5.65 phi (0.02 mm), was arbitrarily termed sericite as were the products of
feldspar decay unless grain size exceeded 5.65 phi (0.02 mm). Differences
in structure between the two white micas is apparent, however, from X-ray

diffractometry and infrared analyses.

Collectively termed "white mica" they are important constituents for

considerations of rock end use.
2.6.5 Biotite

Most mineral matter termed biotite by Reed (1957) is in fact chlorite, a fact
discovered independently by McKean (1976), Sameshima (1977), Bird (pers. comm.)
and this study. The two minerals are difficult to differentiate, especially
in greywackes with a mean grain size finer than 2 phi (0.25 mm). Most biotite
is altering to chlorite or has zeolite extending along its cleavage planes.
Only in a few cases has biotite been counted separately - otherwise it has
been counted with chlorite. For engineering assessment of the rocks, the

chlorite mode includes biotite where biotite was not counted separately.

2.6.6 Chlorite

This is the most important mineral occurring in the greywacke-suite rocks from
the viewpoint of engineering use (Figure 2.7). Several categories were
recognised but all were included in one class. Recrystallised chloritic
material in areas of matrix was counted as chlorite only if grain size
exceeded 5.65 phi (0.02 mm). Detection of chlorite was often hampered by

anomolous or low order interference colours.
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2.6.7 Metamorphic accessories and cements

This mode includes such minerals as calcite, laumontite, prehnite, pumpel-
lyite and axinite (Bird, in prep.) provided their greatest grain dimension

exceeded 5.65 phi (0.02 mm) (Figure 2.8). Veined materials were not included.

2.6.8 Detrital accessories

These include amphiboles, apatite, allanite, opaque iron oxides (mainly
pyrite), carbonaceous material, sphene, garnet, zircon, zoisite, epidote and
augite (Figure 2.9). Most occur in very small quantities and are of little
importance to engineering properties with the exception of pyrite and carbon-
aceous material. For this and identification reasons, authigenic pyrlte was
- 2lso included in ¢his pertion SF ehe woae. ) Sometin ¥ CarbohacBbus hateFial
| Sdturred i 1ong Fibbond parallelis bsading (ac-mé ‘and was eéwfwl '_.,? §
 @etritalaccessory. - ‘Wherd carbondéedus materisl ﬁgﬁmaxﬁm ]
@ispérsed] graing were usually Gf datrid el e o Sl ler’ dhd’ wers ME 8

2.6.9 Matrix

This included all material, authigenic or detrital, less than 5.65 phi

(0.02 mm) measured along the mean long axis of the mineral grain or aggregate

(Figure 2.10).
2.7 Petrographic comparison of lithofacies

The results of 42 modal analyses of greywackes are shown in Tables 2.3, 2.4
and 2.5.

Differences in petrography between greywackes. of different lithofacies are small,

with a wide range in most mineral modes (Fiqure 2.3 to 2.10).

Most contrast is apparent when the thin-bedded lithofacies is compared with
either the sandstone or the thick-bedded lithofacies. General increase in
felsics (56 to 61 percent) and rock fragments (5 to 16 percent), are accom-
panied by decrease in matrix (22 to 17 percent), phyllosilicates (9 to 6 per-
cent), detrital accessory minerals (3.5 to 1.5 percent) and in most samples,

metamorphic accessories and cements.
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Figure 2.8 : Average and range in percentage of metamorphic
accessories and cements estimated from thin
sections (500 counts) for each lithofacies in the Wellington

region.
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Figure 2.9 : Average and range in percentage of detrital
accessory minerals estimated from thin sections

(500 counts) for each lithofacies in the Wellington region.
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Figure 2.10 : Average and range in percentage of matrix
estimated from thin sections (500 counts) for

each lithofacies in the Wellington region.




Table 2.3 : Composition (in percent) for greywackes of the sandstone lithofacies (500

counts/thin section) arranged in order of decreasing mean grain size.

Sample KTW-13 KTW-14 RSS-12 BQ-xviii BQ-V
Hefn grain size, 2.4(0.19)  2.6(0.17) 2.6(0.17) 2.63(0.16) 2.65(0,16) 2.73(0.15)
phi (mm) ' (7 1 - , 4 b oy & 3L
Quartz 27.2 8.3 ¢ 0.7 ¢ 24.7 9.9 “@'\j
K-feldspar 5.5 3.8 3.8 7.9 542 v
Plagioclase 36.7 10 il 7.6 & 27.9 18.2
Seflimentary ook . 2.2 4.4 ! 6.3
fragments |,
Metamorphic and plu- 6.9
tonic rock fragments 43 2 43 6.2 *
Acid volcanic rock 0.2 _ 0.8 2.0
fragments 8.1
Basic volcanic rock K
A = 3.3
fragments 3.2 6.3 6.0 9.7
Muscovite 0.9 1.8 0.8 0.2 0.2 0.6
Biotite* - - - - 2.2 3.2
Chlorite 6.6 7.9 11.4 .4 2.6 3.2
Metamorphic access-
ories and cements 0.5 3.4 -9 .2 250 =8
Detrital accessories 2.4 .0 1.2 .2 0.4
Matrix 9.6 9.7 .0 5.2 6.7 9.1
Total: 100.2 100.2 100.1 100.1 100.1
Sample WCC-13K KTW-15 KTw-17 SJ-6 OB=-21
::ai”::)‘“‘ M 2.78(0.15) .2.78(0.15)  2.79(0.15) 2.8(0.14) 2.83(0.14) 2.9(0.13)  2.93(0.13)
I S b33 0 ; (47
Quartz 32.1 i« 27.6 | 37.5 29.3 { 31.5
K-feldspar 3.4 1.5 3.0 ,_ 4 3.0 3.2
Plagioclase 35.0 & 34.4 30.2 "¢ 377 3C.0
Sedimentary rock
fragments . L7 3 2.4 1.3
Metamorphic and plu- 1.2
tonic rock fragments 32 32 U2 4.9 -
Acid volcanic rock _ _ _ 0.6 2.6
fragments
Basic volcanic rock
7.4
fragments 55 3.7 2.
Muscovite 1.3 2.4 1.0 1.6 0.9
Biotite* - - - - 0.2
Chlorite 2.5 6.8 3.0 4.6 3.8
Metamorphic access~- 5.6
ories and cements 1:7 44 0.8 )
Detrital accessories 2.1 3.2 0.5 1.4 13
Matrix 9.6 0.5 10.3 12.8 11.1
Total: 99.8 100.1 99.9 100.2 100.1
Sample DC=-3 HQ-27 SJ-2 KS-2

Mean grain size,
phi (mm)

Quartz 273
K-feldspar 3.3
Plagioclase 26.9
Sedimentary rock

1y J
fragments
Metamorphic and plu-
tonic rock fragments
Acid volcanic rock
fragments
Basic volcanic rock &
fragments -
Muscovite 2.7
Biotite* 1.5
Chlorite 35
Metamorphic access- 3.8
ories and cements
Detrital accessories 1.5
Matrix 8.5

Total: 100.1

3.08(0.12)
r

3.13(0.11)

1.5
0.6

100.0

3.2(0.11) 3.27(0.1)

36.6 ¢ 29.9
2.0 \ 5.1
S1=% 26.6
2.4 5.1
2.8 3,5
0.2 =

9.
1.0 0.8
7.4 4.3
2.0 0.6
2.0 1.8
9.6 13.4
100.1 100.0

* Dashes indicate biotite included in chlorite mode.
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Table 2.4 :

Composition (in percent) for greywackes of the thick-bedded

lithofacies (500 counts/thin section) arranged in order of

decreasing mean grain size.

Sample DC-6 HQ-17 SJ-34 HO-21 HQ-23
Mean grain size,
gl (o) 1.25(0.42) 1.317(0.4 ) 1.32(0.4) 2.7(0.16) 2.7(0.16)

g4 u % ' 55 | f" S ’;ﬁ
Quartz 21.5 328 24.2 90 22.8 419 34.2 29.6
K-feldspar 2.1 7.6 o 6.0 ‘ 3.8 _, 3.4
Plagioclase 30.8 38.2 'V 26.3 u1 24.9 1 17.2
SElimEstary Yook 18.7 4.5 15.3 2.3 3.8
fragments
Setbnoepals ant PR 5 g 6.1 5.4 4.3 3.2
tonic rock fragments
Acid volcanic rock 0.6 0.6 0.4 0.9 0.2
fragments
Basic volcanic rock 5.0 12.9 4.5 6. .
fragments
Muscovite 0.2 0.2 - 1.3 .
Biotite* - - - - -
Chlorite 350 lore:3 6.2 72 541
Meramorphiie access— .. 4 2.5 6.0 2.3 20.
ories and cements
Detrital accessorites 0.8 0.6 5.0 1.3 1.6
Matrix 3.4 1.1 Z=1 11.3 8.5
Total: 100.3 99.8 100.0 100.0 100.2
Sample HO-16  HO-25 HO-19 KTW-G BO-21
AL GEAL G1ECy 2.77(0.15) 2.83(0.14) 3.08(0.12) 4.07(0.06) 4.13(0.06)
phi (mm)

B yL A s &
Quartz 28.0 34.8 (¢ 2751 Yo 27.1 16.8
K-feldspar 2.6 3.3 a0 1.9 }21.0 2.2
Plagioclase 30.2 W31 24.6 24.8 ) 16.6
SSRGS 3.6 4.5 3.5 0.7 1.8
fragments
HErSDORpic dad Elo= o g 4.8 4.7 4.6 3.6
tonic rock fragments
Acid volcanic rock 2.4 1.4 0.6 0.6
fragments

; . } 1.8

Basic volcanic rock

6.4 8.3 7 .
fragments
Muscovite 0.8 0.6 1.2 8.3 1.6
Biotite* 0.4 0.6 - - -
Chlorite 5.8 4.1 9.7 22.5 11.0
Hebamerpilc ascess- 4 5 1.6 1.4 7.5 0.2
ories and cements
Detrital accessories 1.4 0.6 0.8 0.6 1.6
Matrix 1357 11.0 167 6.1 41..5
Total: 100.3 100.2 100.2 100.2 100.1

* Dashes indicate biotite included in chlorite mode.




Table 2.5 : Composition (in percent) for greywackes of the thin-bedded lithofacies (500
counts/thin section) arranged in order of decreasing mean grain size.

Sample BO-iv DC-10 BQ-iii RSS-i RSS-iii KTW-i

M ’

p::"(f;?"" size 3.3(0.1)  3.7(0.08)  3.78(0.07)  3.82(0.07)  4.08(0.06)  4.23(0.05)
(0, ! "3 r 2

Quartz 18.1 26.8 161 26.3 31.9 20.5 32.9 ¢

K-feldspar 2.0 0.2 2.9 Tni? 1.0 4.6

Plagioclase 24.0 14 40.5 25.9 28.6 33.0 34.9

Sedimentary rock

fragments % 1.9 321 » 2.5 o

Metamorphic and plu-

tonic rock fragments 1.2 1.5 25 3.3 18 0.4

Acid volcanic rock

fragments 0.2 T 04 - - -

Basic volcanic rock

fragments 2.4 1.9 30 1.9 2.6

Muscovite 0.8 1.0 0.4 1.0 1.3 3.6

Biotite* - = 2 = = =

Chlorite 5.2 3.4 4.4 4.1 5.5

Metamorphic access-

ories and cements 21.8 5.2 13.7 2.9 0.2

Detrital accessories 1.2 5.4 0.8 1.7 1.3 6.6

Matrix 19.4 12.4 16.6 20,1 30.5 6.6

Total: 100.1 99.8 100.1 100.1 100.1 100.2

Sample DC-8 SJ-T DC-LAM BO-i KIW-V RSS-ii

M r

R GRA maEe 4.5(0.04)  4.72(0.04)  4.8(0.04)  4.87(0.03)  5.0(0.03)  5.18(0.03)

phi (mm)

Quartz 27.6 33.4 31.5 18.2 31.3 24.3

K-feldspar 0.3 1.8 1.9

Plagioclase 28.4 } 30.1 } 16.1 6.6 } 28.1 23.3

Sedimentary rock _

fragments 0.8 1.0 0.2 1.2

Metamorphic and plu- _ _

tonic rock fragments 0.3 0.8 0.2 10

Acid volcanic rock _ _ 0.2 _ -

fragments - .

Basic volcanic rock

fragments 1.4 - 0.8 0.2 0.4

Muscovite 2.8 2.7 6.0 l.4 4.2 1.0

Biotite* - = - - - =

Chlorite 3.3 8.8 11.2 9.4 13.4 13.3

Metamorphic access-

ories and cement 0% 0.2 - 2648

Detrital accessories 4.5 2.5 6.8 3.2 2.6 3.9

Matrix 30.1 20,5 27.3 22.0 20.0 32.3

Total: 100.1 100.0 100.1 100.2 100.0 101.0

* Dashes indicate biotite included in chlorite mode.
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The sandstone and thick-bedded lithofacies are not easily contrasted by
petrography alone, due to the wide textural range displayed by the thick-
bedded lithofacies. The petrography of rocks within the same textural range
for both lithofacies is similar, differences being limited to higher total
feldspar modes in the sandstone lithofacies and large modes of metamorphic
accessories and cements in the thick-bedded lithofacies. The magnitude of

the difference is the same in both cases,li.e. approximately 4 percent.

There is no statistical evidence of any significant difference between the
lithofacies based on the quartz mode (P is greater than 0.1) even though
modes for a lithology may deviate by up to 1.5 percent from the mean i.e.

1.5 percent is the standard error for about 15 samples. Confidence interval

for the standard error is 3 percent at the 95 percent confidence level.

2.8 Argillite petrography

Table 2.6 presents the data from modal analyses of argillites. Two analyses
were undertaken, one counting matrix as material less than 0.02 mm in size,
the other with no lower limit to grain size, every identifiable grain being
allocated a mode class. Where identification was impossible a mode class
"unidentifiably fine" was used. Comparison shows that an average of 85 per-

cent of mineral components can be identified from thin section.

On average,matrix comprises some 60 percent, with chlorite and quartz occur-
ring in subequal quantity and feldspar representing 30 percent of the
fabric minerals. White mica contents vary from 1 to 7 percent, averaging

4 percent.

The proportions of quartz, feldspar, white mica and chlorite are similar
regardless of how the modal analysis is done. Components not commonly
occurring in sizes greater than 0.02 mm are opaque minerals and detrital

heavy minerals.

Matrix therefore consists largely of chlorite and quartz, the former slightly
dominant, with lesser amounts of white mica and feldspar - plagioclase is
often twinned in grains 0.01 mm in size (WCC-8A). Small amounts of opague
minerals (3 percent average) and detrital heavies (2 percent average)

constitute the remainder.




Table 2.6 : Composition (in percent) for argillites (300 counts/thin section)

arranged in order of decreasing mean grain size.

A Optic modal analyses of argillites

Sample HQ-26  NC-15 HQ-24 OB-W HQ-20 WCC-8A WCC-5A HQ-18 BO-vii HQ-22 OB-13 AVERAGE
’;ﬁ‘i" gzain mize, 5.4 5.49 5.58 5.6 5.87 5.87 5.9 5.95 6.18 6.28 6.39 M
Quartz 6.4  30.0 12.2 14.0 5.8 16.4 16.1  10.1 8.0 6.1 3.8 12.6
Feldspar 14.8  10.4 8.0 15.3 7.8 14.1 11.4 5.1 6.0 6.5 3.8 9.4
White mica 2.8 7.7 5.0 5.0 1.3 3.2 6.6 3.3 5.8 1.0 1.8 4.0
Chlorite 13.4 7.7 15.9 13.1 13.3 13.4 9.8 9.6  12.8 4.9 8.5 11.1
Heavies 2.2 2.7 0.5 0.6 2.0 1.6 146 0.8 0.3 0.4 0.3 1.2
Opaques 0.8 1.1 2.0 0.9 3.3 0.6 1.9 3.5 3.5 0.6 0.6 1.7
Rock fragments 0.5 0.3 0.2 - - - 0.3 - - 0.2 - 0.1
Metamorphic -

i i = - = = 0.7 - & 0.3 - 0.2 = 0.1
Cements - - = - - = . = 0.3 = g tr
Matrix ( 0.02 mm) 49.0  40.1 56.2 51.1 65.9 50.7 52.5 67.4  63.3 80.2 8.3 59.8
Total: 99.9 100.0 100.0 100.0 100.1 100.0 100.2 100.1 100.0 100.1 100.1 100.0

B Optic modal analyses of argillites disregarding matrix as a mode class

Quartz 36.5 45.9 21.6 26.0 14.9 30.9  23.3  26.1  26.2 19.6 Asses- 27.1
Feldspar 18.9  10.3 12.0 20.8 10.8 18.0 18.6  13.2 6.9 10.1 ment 14.0
White mica 7.0 9.5 10.6 8.3 6.8 8.5 8.5 10.2  10.7 9.4 not 9.0
Chlorite 20.6  15.5 26.9 18.4 39.9 32.2 18.0 27.1  33.1  36.5 practi- 26.8
Heavies 4.3 3.8 0.8 3.4 1.9 1.9 B3 4.0 0.9 4.6 cable 3l
Opaques 0.9 0.8 5.0 4.0 7.4 1.6 3.2 7.3 8.3 9.6 4.8
Rock fragments 2.2 0.3 - - - - 0.3 0.7 0.2? 0.2 0.4
Metamorphie = - - 0.3 - 2 3 0.5 0.3 0.22 0.5 0.2
accessories
Cements - - - - - - - - 0.2 - tr
‘f’;‘:‘:e“lﬁ“” 9.6  13.9 22.7 19.3 18.3 6.9  22.3  11.2  13.2  10.3 14.8
Total: 100.0 100.0 99.9 100.2 100.0 100.0 100.0 100.1  99.9 100.8 100.2
C Optic modes of matrix (<0.02 mm) by difference, from analyses A and B above
Quartz 20.1  15.9 9.4 12.0 9.1 14.5 7.2  16.0 18.2  13.5 asses- 13.6
Feldspar 4.1 - 4.0 5.5 3.0 3.9 7.2 8.1 0.9 3.6 ment 4.0
White mica 4.2 1.8 5.6 3.3 5.5 5.3 1.9 6.9 4.9 8.4 not 4.8
Chlorite 7.2 7.8 11.0 5.3 26.6 18.8 8.2 17.5  20.3  31.6 practi- 15.4
Heavies 2.1 1.1 0.3 2.8 tr 0.3 3.7 3.2 0.6 4.2 cable 1.8
Opaques 0.1 1.0 3.0 3.1 4.1 1.0 1.3 3.8 4.3 9.0 3.1
Metamorphic -
prieiied oy = = 0.3 - = " 0.5 2 - 0.2 0.1
o

g’;::“nf“bly 9.6  13.9 22.7 19.3 18.3 6.9  22.3  11.2  13.2  10.3 14.8
Total: i

Cf. MALEIX 474 41.5 56.3 1.3 66.6 50.7 52.3 6.7  62.9 80.6 57.6

of A



37

2.9 Comparison of greywacke and argillite

A direct comparison of argillite modes with greywacke modes is difficult because

of different mode class requirements for the rock types but there is a striking

difference in grain size.

As a generalisation,argillites have half as much quartz, two-thirds the total
feldspar and no rock fragments, but four times the white mica and double the

chlorite.

Non-opaque detrital accessories (heavies) are more abundant in argillites than
greywackes, excepting some greywackes of the thin-bedded lithofacies. Metal-
lic opaques are more abundant in argillite than greywacke as is carbonaceous
material but they take different forms. Metallic opaques in argillites are
sometimes apparent as large flakes of pyrite along planes of parting, having
no relationship with bedding, or as nodules up to 10 mm long in bedding planes.

Organic matter in argillites is more finely dispersed than in greywackes.

Metamorphic accessories, other than minerals included in modes, e.g. chlorite

and metallic opaques, are absent in argillites.

Argillites possess six times as much matrix as greywackes of the sandstone and
thick-bedded lithofacies and two to three times that of the thin-bedded litho-

facies.

Generally, detrital grains in argillites are equant, angular to subrounded and

most grains are fresh and monocrystalline.
2.10 Provenance

The provenance of sediments may be indicated by various physical and mineral
characteristics of the rock concerned. In this study mineral characteristic

methods were chosen using quartz, feldspar, rock fragments and heavy minerals.

The method used for quartz was suggested by Basu et al. (1975) based on a simple
four category grouping,utilising undulosity and polycrystallinity of medium
sand sized quartz to discriminate plutonic grains from those of low and high

rank metamorphic affinity. Results for the Wellington greywacke-suite rocks
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are shown in Figure 2.11. Only greywackes from the sandstone and thick-
bedded lithofacies have sufficient medium sand sized quartz to provide plots

based on 50 grains (Appendix 4).

The data suggest that most medium sand sized quartz is of low rank metamor-
phic origin. However, the interpretation is complicated by the possibility

that the grains were strained after deposition.

Basu acknowledges the possibility of tectonic strain in folded sediments but
maintains that careful sampling and examination of rocks containing softer
matrix and rock fragments can minimise these effects. Packing proximities
are high in Wellington greywackes (Appendix 7) therefore cushioning effects

from matrix and rock fragments are minimal.

Blatt and Christie (1963) and Blatt (1967) have shown undulatory quartz to be
less stable than non-undulatory quartz and that polycrystalline quartz breaks
down relatively quickly to produce monocrystalline quartz. Older sediments,
or those reworked should, on the Basu plot, trend towards a more plutonic

affinity. Such a trend was not evident in this study.

Other detrital minerals, e.g. microcline and feldspar with perthitic and
myrmekitic intergrowths, indicate an acid plutonic source but the provenance
of most feldspar (plagioclase) is obscured by alteration of grains to sodic
affinities (Appendix 3). Further indications of an acid igneous rock source:
are minerals such as apatite, sphene, zircon and tourmaline (Pettijohn, 1957).
Biotite, muscovite and tourmaline may be derived from metamorphic rocks or
acid igneous rocks and epidote and zoisite indicate a high-rank metamorphic

provenance (Table 2.7).

In coarser grained rock types,the mineral association most frequently encoun-
tered is that of an acid igneous rock source. Finer sediments (thin-bedded
lithofacies), although having similar acid igneous rock affinities, also have
assemblages indicative of basic igneous rock sources and characteristics of

reworked sediments, not unexpectedly if some of these greywackes are contour-

ites (section 2.1).

Fine grained sediments possess heavy mineral assemblages typical of basic

igneous rock sources, e.g. ilmenite, magnetite, chromite, apatite, zircon
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POLYCRYSTALLINE QUARTZ
(2-3 CRYSTAL UNITS PER GRAIN; 275 PERCENT
OF TOTAL POLYCRYSTALLINE QUARTZ)

vl UNDULATORY
UNDULATORY QUARTZ
QUARTZ
POLYCRYSTALLINE QUARTZ
(>3 CRYSTAL UNITS PER GRAIN; 25 PERCENT
OF TOTAL POLYCRYSTALLINE QUARTZ)
Figure 2.11 : Quartz grains of medium sand size from greywackes of the
sandstone and thick-bedded lithofacies plotted on
the Basu plot. Fifty grains were counted for each plot. Raw

data is given in Appendix 4.




Table 2.7 : Detrital mineral suites characteristic of source rock types*

(after Pettijohn, 1957).

Reworked sediments

Barite Rutile

Glauconite

Quartz (esp. with worn overgrowths) Tourmaline, rounded
Chert Zirceon, rounded
Quartzite fragments (orthoquartzite type)

Leucoxene

Low-rank metamorphic

Slate and phyllite fragments Quartz and quartzite fragments (meta-
Biotite and muscovite quartzite type)
Chlorite (if clastic) Tourmaline (small pale brown euhedra
Feldspars generally absent carbonaceous inclusions)

Leucoxene

High-rank metamorphic

Garnet Staurolite
Hormblende (blue—green variety) Quartz (metamorphic variety)
Kyanite Muscovite and biotite
Stllimanite Feldspar (acid plagioclase)
Andalusite Epidote

Zoisite

Magnetite

Acid igneous

Apatite Sphene

Biotite Zircon, euhedra
Hornblende Quartz (igneous variety)
Monazite Microcline

Muscovite Magnetite

Tourmaline, small pink euhedra

Basic igneous

Anatase Leucoxene
Augite Olivine
Brookite Rutile
Hypersthene Plagioclase, intermediate
Illmenite and magnetite Serpentine
Chromite
Pegmatite

Fluorite Monazite
Tourmaline, typically blue (indicolite) Muscovite
Garnet Topaz

Albite

Microcline

* e .
Italicized species are more common.
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and rutile, as these minerals are all relatively stable. In coarser grained
greywackes, basic igneous rock fragments as well as some of their heavy

minerals occur together.

Rock fragment contents, particularly in the coarser grained greywackes, are
of valuable assistance in determining source rock lithology. Lithologies
identified have been described (Appendix 3). Sedimentary rock fragments
probably come from penecontemporaneous erosion of the sea floor. This is
substantiated by a positive relationship between sedimentary rock fragment
size with mean grain size of host sediment and a positive relationship, by
volume, of sedimentary rock fragments with increasing mean size of host
sediment. They are most obvious in the greywackes of the thick-bedded
lithofacies (chipwackes), where they occur as angular elongate flakes up to
0.4 m long, in which lamination and convolutions are still preserved. They
deform to form pseudomatrix more readily than igneous rock fragments. In a
plastic state, they must have been more susceptible to mechanical erosion than
any other variety of rock fragment observed and therefore must have been
added to the sediment immediately prior to its final emplacement. Reworked
fine grained greywackes (thin-bedded lithofacies) have no significant

sedimentary rock fragments.

Volcanic debris is mechanically weak and chemically unstable. Grains are
rounded and the ratio of acid to basic volcanic debris is consistently small
for all lithofacies (Figure 2.12). Only in greywackes of the thin-bedded
lithofacies do the volcanic rock fragments diminish in volume - a response to
reduced mean grain size and reworking. The volume in greywackes of the
thick-bedded lithofacies is only slightly greater than that in the sandstone
lithofacies indicating that, for the greywacke source sediments, volcanic
debris was maintained at a consistent volume and is possibly intrabasinal (i.e.
derived from a source within the basin of greywacke sedimentation) being

relatively weak compared with metamorphic and plutonic rock fragments.

The latter rock fragments are probably extrabasinal in origin, schists, phyl-
lites, quartzites and gneiss fragments being subordinate to granitic fragments,
even in the size range 0.5 to 2 mm required for accurate identification of
metamorphic rock fragments (Boggs, 1968). This indicates that,even though

a wider range of metamorphic rock types is represented, granitic rocks are

more likely to have produced the bulk of sediments forming the Wellington
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MAXIMA AND MINIMA

basic volcanic

Py
s

etamorphic and plutonic

sedimentary

m

acid volcanic

PERCENT

“1

AVERAGES

1

OPTIC MODE,

i

sandstone thick - bedded thin -bedded

Figure 2.12 : Range and average concentrations of rock fragment

types for greywackes by lithofacies.
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greywacke-suite greywackes. The presence of large myrmekitic and perthitic
aggregates, with orthoclase crystals having euhedral grain boundaries with

each other and quartz, indicate this.

The range in volumes of metamorphic and plutonic rock fragments in greywackes
of each lithofacies is the same, within about 1 percent; gradual decrease both
in range and maximum volume being evident from the sandstone lithofacies,
through the thick-bedded to the thin-bedded lithofacies. This indicates that
this chemically relatively stable debris forms the basis of greywacke sedi-

ments, a slight concession being made to volume with reduced mean grain size.

Approximate relative contributions of source rocks providing debris for the

Wellington greywacke sediments is estimated to be:

Source Percentage contribution
acid and basic plutonic 50
low rank metamorphic 20
basic igneous derived 10
acid igneous derived 5
redeposited sediments 15

2.11 -Classification of greywackes by mineral composition

Folk et al. (1970) published a classification system for detrital sediments
in New Zealand, based on relative abundances of quartz (excluding chert),
feldspar and rock fragments (igneous, metamorphic and sedimentary, including
chert). These three parameters recalculated to sum to 100 percent, are
determined from optical modal analysis and are end members on a triangular
(QFR) diagram. Figure 2.13 shows the QFR diagram (primary arenite triangle)
with greywackes plotted by lithofacies association.

The conclusions drawn from the classification are that all the rocks examined
are (lithic) feldsarenites, difference being due to grain size. All the
rocks represent a single population i.e. all the greywackes in the study

region had basically the same mineralogical starting point.




quartzarenite

subfeldsarenite sublitharenite

o sandstone lithofacies
o thick - bedded
e thin-bedded

litharenite

feldsarenite

lithic feldsarenite feldspathic litharenite

Figure 2.13 : Primary arenite triangle (after Folk et gql., 1970)
with plots representing the modal compositions of
greywackes from each lithofacies. Q = monocrystalline and
polycrystalline quartz (excluding chert), F = monocrystalline
feldspar, R = rock fragments (igneous, metamorphic and sedi-

mentary, including chert).




20152 Grain size

The grain size distribution of greywacke and argillite samples was determined
from thin section measurement. The apparent long axes of at least 250 grains
were measured using a graduated micrometer eyepiece and magnifications from
x35 to x250. The spacing of the counting "grid" was adjusted to cover the
whole section. Although Adams (1974) has shown a reliable relationship
between thin section and sieve statistics, he recognised problems in conver-
ting the distributions. Therefore the data presented and discussed here

have not been manipulated in any way,being the size distributions of apparent

long axes in thin section.

Grain size distribution histograms (Figures 2.14 to 2.17) were plotted and

graphic statistics were calculated (Folk, 1968) according to the formulae:

916 + ¢50 + ¢84
Graphic mean (Mz) = phi
3

Inclusive graphic standard deviation (g.)

I
$84 - 916 $95 - ¢5
= + ~—————— phi
4 6.6

Graphic standard deviation (oG)

484 - $16
= ——— ophi
2

used where the 5 and 95 percentiles were not obtainable.

Inclusive graphic skewness (SKI)

%16 + ¢84 - 2¢50 %5 + 995 - 26450
= +
2(984 - ¢16) 2($95 - 95)
Graphic kurtosis (KG)
%95 - ¢5

2.44 (975 - $25)
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Figure 2.15 : Grain size histograms for greywackes of the thick-
bedded lithofacies arranged in order of diminishing

mean grain size, see Table 2.8.
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Figure 2.16 : Grain size

histograms
for greywackes of the thin-
bedded lithofacies arranged
in order of diminishing
mean grain size, see

Table 2.8.
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Figure 2.17 : Grain size
histograms

for argillites arranged in

order of diminishing mean

grain size, see Table 2.8.
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Grain size data provide a reliable basis for differentiating lithofacies in
thin section. Figure 2.18 shows the relationship of rock mean grain size
to bed thickness.

Greywackes of the sandstone lithofacies are restricted in mean grain size
(2.4 to 3.38 phi) and are poorly sorted (0 = 1.25 average). Grain size
distributions are more positively skewed and are less peaked than for

greywackes of any other lithofacies.

Greywackes of the thick-bedded lithofacies have the greatest range in textural
parameters. They overlap other greywackes in mean grain size (1.25 to

4.13 phi) but are generally finer than greywackes of the sandstone lithofacies
and coarser than those of the thin-bedded lithofacies. They are more poorly
sorted than those of the sandstone lithofacies. Grain size histograms may
be skewed positive or negative, the negative skew being due to greywackes
possessing large sedimentary rock fragments (chipwackes). Although they
display the widest range in skewness values, these greywackes have grain size

histograms most closely approximating a normal distribution.

Greywackes of the thick-bedded lithofacies have wider ranging Kurtosis values
(Table 2.8) than those of the sandstone lithofacies and histograms are more

leptokurtic. They include the most peaked grain size distributions.

Greywackes of the thin-bedded lithofacies have silt sized mean grain sizes.
Sorting is better than in other greywackes and there is a smaller range of
relatively high (+0.21 to +0.37) skewness values. Kurtosis values are also

limited (1.18 to 1.39).

Argillites are similar in size regardless of lithofacies affiliation. Modes
vary between 5 and 6 phi (0.03 and 0.015 mm) and mean grain sizes are

finer than 5.4 phi (0.023 mm). Most argillites are poorly sorted.

Post-depositional effects (diagenesis) have reduced grains in size by erosion

and alteration. Smaller grains have been reduced in size faster and more
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: Grain size parameters determined for Wellington greywacke-suite rocks.

Table 2.8 :
Raw data is tabled in Appendix 5. Phi units used.
Sample Mean Standard Sorting term Skewness Skewness Kurtosis Kurtosis
deviation
(Mz) Iy % SKI description KG description
KTW-13 2.4 1.15 poorly sorted NA NA
KTw-14 2.6 1.27 poorly sorted +0.25 fine skewed 1.26 leptokurtic
RSs-12 2.6 1l.03 poorly sorted +0.54 strongly fine sk. 1.73 very leptokurtic
BQ-xviii 2.63 0.98 moderately sorted +0.16 strongly fine sk. 1.10 mesokurtic
DC-1 2.65 1.03 poorly sorted +0.22 strongly fine sk. 1.08 mesokurtic
DC-2 2.72 0.96 moderately sorted +0.34 strongly fine sk. 1.13 leptokurtic
BQ-V 2.73 1.13 poorly sorted +0.19 fine skewed 1.03 mesokurtic
a8 WCC-13a 2.78 1.17 poorly sorted +0.39 strongly fine sk. 1.23 leptokurtic
5 KTW-15 2,78 1.54 poorly sorted +0.36 strongly fine sk. 1.32 leptokurtic
g KTW-17 2.79 1.57 poorly sorted +0.30 fine skewed 1.18 leptokurtic
3 SJ-6 2.8 1.37 poorly sorted +0.29 fine skewed 1.15 leptokurtic
o KTW-16 2.83 1.36 poorly sorted +0.25 fine skewed 1.08 mesokurtic
g BO-IXA 2.9  1.30 poorly sorted +0.30 fine skewed 1.04 mesokurtic
g OB-21 2.93 1.38 poorly sorted +0.35 strongly fine sk. 1.22 leptokurtic
“ DC-3 3.08 0.91 moderately sorted +0.41 strongly fine sk. 1.21 leptokurtic
HQ-27 3.13 1.e3 poorly sorted +0.16 fine skewed 1.29 leptokurtic
SJ=-2 3.2 0.75 moderately sorted +0.14 fine skewed ++12 leptokurtic
KS=2 3.27 1.49 poorly sorted +0.46 strongly fine sk. 1.23 leptokurtic
NC-8 3.37 1.57 poorly sorted +0.40 strongly fine sk. 1.27 leptokurtic
Ks-10 3.38 1.41 poorly sorted +0.21 fine skewed 1.09 mesokurtic
AVERAGE  2.88 1.25
DC-6 1.25 1.56 poorly sorted -0.3 coarse skewed 2.05 very leptokurtic
Eﬂ- HQ-17 1.317 0.94 moderately sorted +0.23 fine skewed 1.73 very leptokurtic
Q‘ 8J-3, 1.32 1l.22 poorly sorted -0.01 near symmetrical 1.10 mesokurtic
§ HQ-21 237 1.58 poorly sorted +0.30 fine skewed 1.29 leptokurtic
E HO-23 2.7 1.80 poorly sorted +0.23 fine skewed 0.94 mesokurtic
8 HQ-16 2.77 1.44 poorly sorted +0.14 fine skewed 1.07 mesokurtic
é HQ-25 2.83 1.54 poorly sorted +0.26 fine skewed 1.34 leptokurtic
: HQ-19 3.08 1.67 poorly sorted +0.33 fine skewed 1.24 leptokurtic
E KTW-G 4.07 1.78 poorly sorted +0.11 fine skewed l1.08 mesokurtic
- BQ-21 4.13 1.58 poorly sorted +0.13 fine skewed 1.13 leptokurtic
AVERAGE 2.62 1.51
BQ-iv 3.3 1.43 poorly sorted NA NA
DC-10 3.7 1.05 poorly sorted NA NA
a Bo-iii 3.78 1.12 poorly sorted +0.36 strongly fine sk. 1.38 leptokurtic
g RSS-i 3.82 1.35 poorly sorted NA NA
g RSS-iii  4.08 1.75 poorly sorted NA NA
3 KTW-i 4.23 0.99 moderately sorted +0.21 fine skewed 1.29 leptokurtic
% DC-8 4.5 0.8 moderately sorted N NA
é SJ-7 4.72 1.19 poorly sorted +0.37 strongly fine sk. 1.39 leptokurtic
z DC-LAM 4.8 1.0 mod./poorly sorted NA NA
E BQ-i 4.87 0.89 moderately sorted +0.25 fine skewed 1.18 leptokurtic
KTW-v 5.0 1.13 poorly sorted NA NA
RSS~ii 5.18 1.38 poorly sorted NA NA
AVERAGE  4.33 1.17
NA = not able to be calculated




Takle 2.8 : (continued)

Sample Mean Standard Sorting term Skewness Skewness Kurtosis Rurtosis
deviation
(Mz) 9 % SKI description KG description
5 HQO-26 5.4 1.03 poorly sorted
;.,C*’ NC-15 5.49 1.13 poorly sorted
S Ho-24 5.58 0.95 moderately sorted
g OB-W 5.6 1.15 poorly sorted
: HQ-20 5.87 1.05 poorly sorted
&  Wec-8A  5.87 1.05 poorly sorted
&  wec-5a 5.9 1.25 poorly sorted
g HO-18 5.95 1.18 poorly sorted
5 Bo-vii  6.18 1.38 poorly sorted
g HQ-22 6.28 1.23 poorly sorted

OB-13 6.39 0.99 moderately sorted




54

significantly than larger grains, due to their larger surface area to volume
ratios (section 2.14.3). In grain size populations less than, say, 0.02 mm
recrystallisation due to diagenesis has probably meant that rocks have some
mineral types enhanced in grain size (chlorite and white mica) relative to

the grain population at deposition.

The effect of this is to increase positive skewness (reduce sorting) in grey-

wackes and to perhaps enhance sorting and even mean grain size in argillites.

It is doubtful whether the most marked grain size changes in the population
finer than 0.02 mm will have influenced textural distinctions - greywackes are
still comparable one with another and argillites are of little help in discri-

minating lithofacies association.

2,13 The relationship of mineralogy to texture

In the course of the microscope work it became apparent that the mineralogy of
the greywacke-suite rocks was related to texture and, in particular, mean
grain size. This section examines that relationship,by plotting the main

mineral modes against mean grain size (Figure 2.19).

The proportion of felsic grains remains more or less constant between 50 and

70 percent over the range 1 to 4 phi (0.5 to 0.063 mm), but declines markedly
from 5 to 6 phi (0.03 to 0.015 mm)with a corresponding increase in phyllo-
silicates; rock fragments also decline dramatically at about 5 phi (0.03 mm).
While limitations of microscopic resolution can not be overlooked, there appears
to be a mineralogical trend towards a higher proportion of phyllosilicates,
which in these rocks are chlorite and white mica. These minerals appear, on

average, to maintain similar proportion (Figure 2.20).

2.14 X-ray diffractometry

X-ray diffractometry (XRD) was used to establish the bulk mineralogy of the
rocks as they occur in the field today and as a means of determining variations
in metamorphic grade by assessing the crystallinity of white mica, particu-

larly in the argillites.
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response to rock mean grain size.

rock fragments assume negligible importance.

2.21.

cf.

Optically determined mineral modes show dramatic

Note cross-

Figures 2.20 and



56

16 s
s chiorite
4y . muscovite (white mica)
. 0 [ ]
L
12
= & L]
uz‘ - |
O 10]
§ s = . s
- 8 a ..
u [
Q L
o LI ] . @
= e ", a
Q 6 . i o o
[ = [ ] - | ] - o
o o . .
< 4] - m M -'
| ] a - . o0
- - a . o
2] a @ o o
[ ] ng uu Q a
o
o o%p,® - nno o
go . ) ; i -
1 2 3 4 5 6  phi
05 0-25 0-125 0-0625 0-031 00156 mmn
ROCK MEAN GRAIN SIZE
Figure 2.20 : Superior chlorite modes (optically determined), com-

pared with white mica, exist throughout Wellington
greywacke-suite rocks. Chlorite increases in approximately constant

ratio with muscovite with reduced rock mean grain size. cf. Figure
2a 215
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This investigation was undertaken on an assumption that the physical proper-
ties of rock would be influenced by degrees of metamorphic change undetectable
by any other means. Such properties as strength, hardness, and resistance
to weathering, all important in engineering use , improve with higher degrees

of metamorphism.

Whole rock samples were prepared, by crushing, in two ways:

(1) By using a hand operated agate pestle and mortar to powder the sample.
(ii) By using a tungsten carbide "Tema" swing mill.

A vibrating stylus was used to obtain material to establish the mineralogy

of veins and surface coatings. For whole rock analyses, samples were selec-
ted free of veins, shears, slickensides and surface coatings to avoid
enhancing certain mineral modes and to minimise effects of differing mineral

crystallinity, strain, polytypism etc.
2.14.1 Whole rock quantitative analysis

An internal standard method of quantitative diffractometry was used (Klug and
Alexander, 1974), see Appendix 6. Samples were prepared and run by Mr B.
Yardley. After grinding sample powder and internal standard (LiF), a dis-
oriented (back filled) powder mount was analysed using a Siemens (X-ray
diffractometer, with nickel filtered CuKo -radiation generated from 35 kv at

20 mA and directed by a 1° beam slit and a 0.2° detection slit. Samples were
scanned at 1 28/minute from a° to 40° 26, Chart speed and flow counter count
rate settings were adjusted for optimum results. Time constant (seconds) was
adjusted with scanning speed (degrees/minutes) so that the product of the
settingswas ] or 2 (Schoen, 1962) at which values peak distortion is small

(Parrish, 1960).

Diffractograms of known minerals and the ASTM Powder Data File were used to
interpret results. Accurate d-spacings were obtained by reference to detri-
tal quartz in the samples. Results should be accurate to *3 percent

(Appendix 6).

XRD indicated a higher white mica content than optical petrography had

revealed. Presumably this resulted from altering feldspar and rock fragments
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or possibly the masking of white mica by chlorite during optical examination.

Results (Table 2.9) also show the content rangeof minerals to be greatest for
plagioclase (15 percent) with white mica (11 percent) and chlorite least

(5 percent).

'Oompqsi*}:ibn detazmnedsby XRD. mdis;ates ‘that falszas &on*stztu,‘:e ét um 80 ]

; §l¥9‘zz@ wimum of 79, pgxcene.w Quartz contant: *i8, am;,ndshqate@m be‘

~ by XRD thﬁn by optlcaiwmeans,'aimost dpubled«gnhgrgywackba%and byﬂat“:;,
Percentin. argillites qountad vithbut a.matzxx caﬁégnry !mablﬂ*2a65)
'thical quantafleatlen-of argillztaﬂaatrixAshauadywﬁite,mica.nat'to.etcﬂﬁuﬁ o

10 percent and its ratio to chlorite to be less than 1 (Table 2. 6C), but even

"af é!ﬂ.cﬁﬂ:e &

'lg ?$@él’«rxeri“
2.14.2 Semi-quantitative analysis of the whole rock fraction
finer than 0.015 mm.

Diffractograms, similar whether sample powder was prepared by hand or "Tema"
mill, indicated fresh greywacke and argillite to include only four main
minerals; quartz, sodic plagioclase, white mica and chlorite. Of these
minerals, white mica and chlorite are the most important from an engineering
viewpoint since they may induce plasticity in rock fines, are soft, assume
preferred orientation, are structurally weak, constitute most of the matrix

material, and chlorite is chemically unstable.

Further investigation of these phyllosilicates was necessary because diagnos-
tic peaks of both minerals at low 26 angles mask peaks of clay minerals such
as kaolinite, vermiculite, illite and chlorite mixed-layer minerals with
expanding lattices, e.g. chlorite - montmorillonite, which are of importance

for engineering purposes.

As phyllosilicates and clay minerals generally, have much finer natural size
ranges than other detrital minerals, separation of finer materials from the
powdered samples was necessary. A separation of clay minerals including
phyllosilicates was required for XRD detection (Table 2.10). All methods of

sample preparation were aimed at providing a well oriented, fine grained
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Table 2.9 : Quantitative XRD modes for whole rock powders, arranged in order
of diminishing mean grain size. Results should be accurate

*3 percent (Appendix 6).

Sample Mz Run Quartz Plagioclase White Chlorite Totals
. Mica
phi
HQ-17 1,317 &9E8. 3 48 45 4 4 101
runs %
RSS-12 2.6 1 41 52 I 5 99
2 42 53 0 5 100
3 44 51 0 5 100
avge. % 42 52 <1 5 99
NC-8 3.37 1 40 49 0 11 100
2 41 52 0 s 100
3 44 49 0 7 100
avge. % 42 50 0 8 100
KS-10 3.38 1 44 50 0 6 100
2 35 59 2 4 100
3 42 50 2 5 99
avge. % 40 53 2 5 100
BQ-21 4,13 3. 47 40 6 7 100
2 42 45 7 6 100
3 47 38 9 6 100
avge. % 45 41 7 6 929
KTW-v 540 1 45 42 6 7 100
2 42 50 4 5 101
3 38 52 3 7 100
avge. % 42 48 4 6 100
NC-15 5.49 1 38 52 5 5 100
2 44 47 5 5 101
3 42 48 3 6 99
avge. % 41 49 4 5 99
WCC-8A 5.87 1 38 44 7 11 100
2 35 48 9 8 100
3 39 47 8 7 101
avge. % 37 46 8 9 100
HQ-22 6.28 1 49 37 8 6 100
2 41 38 11 il 101
3 38 40 13 8 99
avge. % 43 38 11 8 100
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Table 2.10 : Quantitative resolution by X-ray diffraction of clay minerals
and certain others in the clay fraction (<2 microns) of sedi-
mentary materials (Cu Ka; 50 kv, 20mA, 1o scatter slit, 006"
receiving slit, 103 cps., multiplier 1, ratemeter 4; oriented
mount on tile). 1° 20 per minute; chart speed 0.5" per min-
ute. (after Carroll, 1970).

Mineral Lowest Principal d 26°
percentage spacing used (approx.)
identifiable for

identification

Kaolinite 5 7.13 - 7.16 12.36 - 12.4

Kaolinite, disordered 1 -5 715 12.38

Halloysite, 4H,0 10 10.1 8.75

Halloysite, 2H50 10 a2l 12.26

Mica, 2M, 1 9.99 - 10.4 8.85 - 8.80

Illite, mixed layer 1b mica

polytype 5 10.16 8.70

Biotite 1 1041 8.77

Vermiculite 5 14.2 6.22

Smectite group,

(montmorillonite) 10 15.4 (variable) 547

Chlorite, Mg 1 14.1 - 14.2 6.27 = 6.22

Chlorite, Fe 10 14.1 - 14.2 6.27 - 6.22

Quartz 1 3.34 26.66

Orthoclase feldspar 5 3.25 - 3.28 27.4 - 27.16

Plagioclase feldspar 5 3.17 - 3.18 28.14 - 28.0

Calcite 5 3.08 29.47

Ferric oxide, crystalline or
amorphous mineral coatings <1l
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sample over a large area of the glass slide, mounted so that basal d-spacings
of minerals at low 206 angles would give enhanced diffractogram peak heights’
i.e. maximum intensities. Best results were obtained from "Tema" ground
whole rock samples separated by settling through water (Sameshima 1977).
From nomographs of particle settling times through water (Tanner and Jackson,
1948) the resultant oriented material was less than 0.015 mm in size,
entirely covering the slide (necessary for low angle diffractometry, Soong,

pers. comm.), with a uniform layer 0.015 to 0.03 mm thick (Schoen, 1962).

Diffractograms of these fine fractions were used to obtain semi-guantitative
data, by utilising peak heights above background to establish relative peak
intensities (Moore, 1968) at 280 29, 26.8O 26, 12.5o 26 and 8.8o 28, repre-
senting quartz, K-feldspar, plagioclase, chlorite and sericite respectively.
Adjustments were calculated directly from intensity values, some of the
usual uncertainties of clay phyllosilicate semi-quantitative analysis from
XRD, being reduced by the nature of chlorite and sericite - they are not as

variable in behaviour as other clay minerals (Soong, pers. comm.).

Relative abundancies of all five minerals are shown (Table 2.11) though
quartz and feldspar relative abundancies are important only for rocks finer
than, say, 5 phi (0.031 mm). The results confirm the optic modal data on
chlorite content over the range in rock mean grain size represented.
Sericite, too, shows increase with reduced mean grain size,but in a more
linear fashion and in direct antipathy with plagioclase. The reduction in
K-feldspar parallels the trend for this mineral established by optical means.
Quartz shows a scattered trend, averaging about 40percent for any mean grain
size. This may reflect a more perfect crystalline habit of what must be
mostly detrital quartz, or more reasonably, indicates quartz to occupy
larger size fractions in coarser rocks and to be more easily removed during

sample preparation.

The fine mineral separates agree extremely well with the relative order of

abundance of argillite matrix contents (determined optically) except the rel-

————
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Table 2.11 : Relative abundancies of main minerals, determined from diffractogram peak

height intensities of minus 0.015 mm whole rock oriented, sedimented

samples.
Relative diffractogram peak Recalculated peak heights,
Peak heights height percent
! [ — 1 T 7] S |
i : f 5o,
o = W § é; .§ g ) g g her oy ] £
~ q o - ~ 'Y o o fal ~ N e pa. &
T I i § f§ : F §
@ x & a < o1 =z @ & a x 3] g &£ &
DC-6 1.25 10.8 4.1 2.1 4.2 2.9 24.1 44.8 17.0 8.7 17.4 12.0 99.9
HQ-17 1.317 14.6 12.0 4.2 4.3 3.2 138.3 38.1 31.3 11.0 11.2 8.4 100.0 Laumontite also
SJ-31 .32 6.0 3.2 1.5 8.2 3.3 22.2 27.0 14.4 6.8 36.9 14.9 100.0
KTw-13 2.4 12.8 8.8 3.4 5.5 2.8 33.3 38.4 26.4 10.2 16.5 8.5 100.0
HQ-21 2.7 11.1 7.8 4.2 6.4 3.9 33.4 33.2 23.4 12.6 19.2 11.7 100.1 expanding 148 peak?
BO-V 2.73  10.1 4.7 2.0 6.2 3.1 26.1 38.7 18.0 7.7 23.8 11.9 100.1
BQ-IXA 2.9 10.9 4.8 2.5 5.5 3.4 27.1 40.2 17.7 9.2 20.3 12.6 100.0
0B-21 2.93 9.7 5.9 3.5 5.5 3.4 28.0 34.6 21.1 12.5 1%.6 12.1 99.9
HQ-19 3.08 12.8 6.4 3.3 6.1 3.5 32.1 39.9 19.9 10.3 19.0 10.9 100.0
Ks-2 3.27 8.2 3.3 2.3 3.8 2.1 19.7 4l1.6 16.8 11.7 19.3 10.7 100.1 expanding 148 peak?
BO-iii  3.78 11.8 6.2 2.2 4.4 4.0 28.6 41.3 21.7 7.7 15.4 14.0 100.1 calcite also
KTW-G 4.07 7.4 3.7 2.0 4.5 5.2 22.8 32.5 16.2 8.8 19.7 22.8 100.0
RSs-iii 4.08 8.6 4.2 2.1 6.1 4.0 25.0 34.4 16.8 8.4 24.4 16.0 100.0
BQ-21 4.13 9.2 3.0 1.5 4.0 3.0 20.7 44.4 14.5 7.3 19.3 14.5 100.0 very ragged feldspar peak
KTW=-1 4.23 10.0 4.4 1.8 3.3 3.1 22.6 44.3 19.5 8.0 14.6 13.7 100.1 ragged feldspar peak
KTW-i(R) 4.23 9.7 4.3 2. 3.1 2.3 21.5 45.1 20.0 9.8 14.4 10.7 100.0
DC-8 4.5 13.1 4.4 2.4 5.2 2.8 27.9 47.0 15.8 8.6 18.6 10.0 100.0
BQ-i 4.87 7.1 2.8 1.3 3.4 4.1 18.7 38.0 15.0 7.0 18.2 21.9 100.1 calcite also
RSs-ii  5.18 5.0 2.7 1.4 6.5 4.7 20.3 24.6 13.3 6.9 32.0 23.2 100.0
HQ-26 5.4 7.0 3.0 1.8 2.6 2.1 16.5 42.4 18.2 10.9 15.8 12.7 100.0
HO-24 5.58 8.8 1.8 1.2 4.5 3.3 19.6 44.9 9.2 6.1 23.0 16.8 100.0 expanding 144 peak?
OB=-W 5.6 11.7 1.9 1.0 5.4 5.3 25.3 46.3 7.5 4.0 21.3 21.0 100.1 ragged feldspar peak
HQ-20 5.87 7.0 2.3  tr. 4.2 3.4 16.9 41.4 13.6 tr. 24.9 20.1 100.0 ragged feldspar peak |
HQ-18 5.95 9.0 1.8 1.0 4.0 3.4 19.2 46.9 9.4 5.2 20.8 17.7 100.0 ragged feldspar peak
BO-vii  6.18 9.5 2.2 1.3 6.5 6.0 25.5 37.3 8.6 5.1 25.5 23.5 100.0 expanding 14K peak?
HQ-22 6.28 19.4 4.6 3.2 9.5 7.9 44.6 43.5 J10.3 7.2 21.3 17.7 100.0 expanding 14 peak?
OB-13 6.39 6.0 1.4 tr. 3.9 4.5 15.8 38.0 8.9 tr. 24.7 28.5 100.1 1

tr = trace




From Figure 2.22 it may be concluded that orthoclase has a relatively smaller
grain size population than plagioclase, in greywackes finer than about 4 phi
(0.0625 mm) mean grain size. It is unlikely that the relatively low plagio-
clase to K-feldspar ratios, seen in Figure 2.22 in rocks of finer mean grain

size,have been induced by comminution of the larger K-feldspar grains (later

umc iﬂuetm 2.14. ,3)» The adltered ’coﬁditﬂfoﬁ‘ ottfdnerpaaqiom:s

A full discussion of mineral characteristics from XRD data has been provided

by McKean (1976).

2.14.3 Degree of phyllosilicate crystallinity

Weaver (1960) showed that crystal ordering in phyllosilicate minerals increases
with diagenesis and metamorphism. Burst (1959) studied the trend in chlorite
in the Eocene of Texas and Flawn et aql. (1961) incorporated Weavers work to
quantify crystallinity of illite and relate it to metamorphism established by

microscope study of slabs from the Ouachita Mountains, Texas, as follows

Degree of metamorphism Sharpness ratio
Low-grade 12,71
Weak to very weak 6.3
Incipient to weak 4.5
Incipient 253
Unmetamorphosed Stanley b e
Unmetamorphosed Atoka 1.8

The most abundant references are for illite (Kubler, 1967). The crystallinity
of illite or mica polymorphs increases almost universally with temperature and
pressure. A "muscovite" with relatively small d-spacing is easier to study

in this regard than chlorite as possible variations are less numerous and
better known than in the chlorite group and white micas occur more frequently
in sedimentary rocks than chlorite. Consequently, most studies of subtle
diagenetic/metamorphic change in sediments have utilised the crystallinity of
white mica polymorphs, usually illite, since it undergoes greater morphologic

changes with temperature/pressure difference than other white mica types.
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Figure 2.22 Relationship of mineral abundance, from whole rock

mean grain size.

quantitative XRD and optical determination.

powder fractions finer than 0.015 mm, with rock

and 2.21.

cf.

The trend reflects modal analyses obtained by

Figures 2.19
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For this study the sharpness ratio method of Weaver (1960) was employed using
the 108 (8.8° 2p) diffractogram peak of oriented‘iéﬂf&b#ﬂQJEin the less than
0.015 mm size whole rock fraction. Since peak intensities are related to
both grain size (Carroll, 1970), and crystallite size (Rau, 1963) sampling
rock mineral separates of very small grain size may cause a loss in resolu-

tion.

Generally, well developed (well crystallised) phyllosilicates afford stronger,

more intense X-ray reflections than poorly crystalline ones.

To determine the relative sharpness of the 108 peak measurement was made

from the baseline of the peak vertically to its tip and from the baseline of
the peak to the point where a 10.58 vertical line intersected the side of the
peak. The ratio of these two measurements give a measure of the relative
sharpness of the 108 peak (Figure 2.23). As the shape of the 102 peak is
comparatively similar, it is not necessary to measure values for both sides

of the peak and calculate a Kurtosis value.

Kubler (1967) recommended a change in the method of Weaver (1960) i.e. that a
single measurement be made of peak width at a point half way up the 108 peak.
This is the method Rau (1963) adopts for measuring crystallite size. However,
Weaver's method was used in this study as Kubler's method ignores peak

asymmetry which is a crystallinity indicator (Carroll, 1970).

As a check, Kubler's method was used to measure the 7& (12.5o 26) chlorite

peak for the reasons below:

(i) This was the most intense peak in the low angle 26 range making it

easier to measure.

(ii) Chlorite crystallinity changes with diagenetic/metamorphic grade in

the same manner as white mica.

(iii) The 78 peak was more symmetrical than the 104 peak.

(iv) For a restricted particle size range (effectively a maximum of about
04015 mm) width at half-peak height should be a reasonable indicator of

crystallinity.

(v) The 7R peak is purely a chlorite reflection.
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(after Weaver, 1960).
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The results (Tables 2.12, 2.13 Figures 2.24, 2.25) show the same trend for the
two minerals measured by different means,i.e. the crystallinity of phyllo-
silicates in the finer than 0.015 mm (less than 7 phi) fraction is lower in

rocks of smaller mean grain size.

To check both methods, five additional diffractograms were made from material
settled to provide oriented slides of phyllosilicates with grain sizes of
less than 1.5 pym (less than 9.5 phi). The trend towards decreased crystal-
linity with reduced rock mean grain size is even more evident (Figure 2.24,

24/25)14

The trend observed is not as might be expected nor is it apparent from a
casual visual assessment of the diffractograms (Figure 2.26). It can be
argued that rocks with reduced mean grain size have increased internal surface
areas, of benefit to diagenetic/metamorphic reactions, bringing argillaceous
rock to metamorphic equilibrium relatively quickly and more completely than

coarser grained greywackes.

The trends shown could indicate a degradation of phyllosilicates within argil-
laceous rocks (e.g. from the strenuous action of the "Tema" mill) but several

lines of evidénee augﬁwftw'warmwwmmﬁw mdu,ﬂ%"d_‘?;%};'ﬂ
o' sample Prmratw e SR M vt T S N et A VA

(i) MacKenzie and Milne (1953) show considerable grinding (8 hours) is
required to alter mica crystallinity significantly in an agate mill. Samples

were ground in a "Tema" mill for only one minute.

(ii) The relative lack of introduced mineral materials in argillites may be
due to reduced permeability (Bucke and Mankin, 1971) during diagenesis and
metamorphism. This decrease in permeability does not allow percolation of
fluids which aid the solution/deposition of minerals. These fluids are
responsible for the recrystallisation of other minerals and if their passage
is restricted, recrystallisation is also reduced. Then, in what were initially
fine argillites, phyllosilicates may be expected to be relatively poorly

developed in spite of large surface areas.

of ¥his. situation after-1ithification §4 due;to;rockincompetence.
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Table 2.12 : Sharpness ratio, or peakedness,of the 108 white mica peak mea-
sured from diffractograms by a method after Weaver (1960).
Each measurement was an average of at least three sets of data
from diffractograms of one slide. Those values marked (?)
were not included in means. Five determinations, listed at the
bottom of the table,were included as the method was not
expected to operate where small peak intensities were encoun-
tered - a peak may occupy less physical space on a diffracto-
gram than is provided between 108 and 10.58% points. To
increase peak intensities a finer sediment (oriented) was

used,i.e. <1.5um - the five samples at base of the table.

Sample Mz Peak height measurement A:B Mean
phi A B ratio A:B ratio
DC-6 1.25 40 6 6.67
28 8.5 33
27 6.5 4.2 4.42
42 15 2.8
36 1/ 5.14
HO-17 1317 33 5 6.6?
72 16 4.5 4.0
67 19 3.5
SJ-31 L..32 33 5 6.6
32 3 10.7
39 6.5 6.0 ¥a38
31 5 6.2
KTW-13 2.4 27 4 6.8
30 7 4.3?
42 5 8.4 Pl
28 4 7.0
HQ-21 2.7 39 9.5 4.1
33 9 3:7
36 9 a. e

40 10 4.0
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Table 2,12 : (continued)
Sample Mz Peak height measurement A:B Mean
phi A B ratio A:B ratio
BO-V 2.73 30 8.5 3.5
27 545 4.9
28 5.5 5.1 e
29 7 4.1
BO-IXA 2.9 33 4.7
24 6 4 5:13
20 3 6.7
OB-21 2.93 33 7 4.7
72 14 51 4.6
70 18 3.9
HQ-19 3.08 35 12 2,92
40 12 3.33
40 10 4.0 F%36
35 11 3.18
KS-2 3.27 20 2 10.0?
59 9 6.6 5.65
56 12 4.7
BQ-iii 3.78 40 8.5 4.7
100 18 5.6 5.6
110 17 6.5
KTW-G 4.07 49 5.5 8.9
127 37 3.4 T+5
132 13 10.2
RSS-iii 4.08 40 4.5 : 8.9?
97 26 3.7 4.3
106 22 4.8
BO-21 4,13 29 6 4.8
78 18 4.3 4.6

65 14 4.6
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Table 2.12 : (continued)
Sample Mz Peak height measurement A:B Mean
phi A B ratio A:B ratio
KTW-1 4.23 30 3 10.0?
73 15 4.9 4.8
63 13.5 4.7
KTW-1 (R) 4.23 23 4 5.8
22 3.5 6.3
27 4.5 6.0 8433
22 4.5 4.9
DC-8 4.5 28 8 B3
35 iy 342 3.6
42 10 4.2
BO-i 4.87 41 12 3.4
87 28 3.1 32
93 31 3.0
RSS-ii 5.18 47 9 542
127 30 4.2 4.6
132 30 4.4
HQ-26 5.4 20 4 5.0
41 12 3.4 4.5
67 13 5.2
HQ-24 5.58 33 9.5 3.5
85 32 2.7 4.3
86 26 3.3
OB-W 5.6 52 14 3.7
122 43 2.8 350
125 48 2.6
HQ-20 5.87 33 7 4.7
78 22 3.6 3.7

86 30 2:9
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Table 2.12 : (continued)
Sample Mz Peak height measurement A:B Mean
phi A B ratio A:B ratio
HQ-18 5.95 34 12 2.8
43 15 2.87
41 11 373 Al
36 12 3.0
BO-vii 6.18 60 16 3.75
67 18 3572 3.9
63 15 4.2
HQ-22 6.28 38 11 3.5
82 23 3.6 3.5
79 24 3.3
OB-13 6.39 44 9 4.9
41 95 4.3
42 10 4.2 <
32 9 3.6
HQO-17 1.317 32 5 10.6 10.6
KTW-13 2.4 53 14 3.8 3.8
KS-2 3is27 40 6 6.7 6.7
DC-8 4.5 40 13 ail: 3=

HQ-22 6.28 105 43 2.4 2.4
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Table 2.13 : Relative crystallinity from peak widths at half peak height of
the chlorite 7% peak. The determinations are from the less than
the 0.015 mm fraction of whole rock powders. The five results
at the end of the table were determinations from the <1.5 im
fraction. (Kubler's method).

Sample Run Mean

1 2 3 Value

DC-6 3.0% 3 2,25% 2.9

HO-17 2.5 3 2,5 2.67

S§J-3; 2.5% 25 3 2.63

KTW-13 3. 5% 4.5 3 3.63

HQ-21 3.0% 3.5 2 2.88

BO-V 3.5% 255 3 3.13

BQ-IXA 3.0% 3.5 3 3.13

OB-21 2.8 3 3 2.8

HQ-19 3.5* 3.5 3.5 35

KsS-2 3.5 4 3 3.5

BQ-iii 2.5 25 3 2.67

KTW-G 3.5 4 4 3.8

RSS-iii 2.5 3 2.5 2.67

BQ-21 3 4 4 3.67

KTwW-i 3:5 3 3:5 3.3

KTW-1i (R) 2,25% 2,5 2.5 2.38

DC-8 3.0% 3 - 3.0

BO-i 2.5 2.5 2.5 2.5

RSS-ii 8 3:5 3 3.17

HQ-26 3.5 4 3 3.5

HQ-24 3 4 3.5 3.5

OB-W 3 Fud 4 3.5

HQ-20 : 4 4.5 3 3.8

HQ-18 2.75% 3.5 4 3125

BQ-vii 3.0% - 35 3.17
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